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Ahsfrac(

To prepare for more afforckiblc  missions  in (Iw
2 1st century, the National Acronaulical  and Space
Administration (NASA) has rcccnlly  inilialcd  [he
Nc\v Millennium Program for s}):lcc-\:ilidatior~  of
sclcc[cd Icchnologics  thaI \\Jill  coablc minialurc
spacccraf[  and ll~icroi]]s[r[ltllcllts. OJIC of  lhc
candidate Ncw Millennium technologies is related
to tllc dcvclopmcnt  of the 1 !]tc~,la[cd U[ility  Module
(1 LJN4) (hat integrate siruclulal  inlcgrily, Ihcrmal
managcrncnt, power dist[  ihution. data and signal
transmission, radiation aml nwtcoroid protcc{ion,
a n d  olhcr clcclro]l]ccll;]llic:ll ft]ncliolls  into  a
lip,h(\vcigl]t.  compact, and cablclcss  packap,c.

This paper addresses I IIC proposed dc\’clopmcr]t
of IUM technology. A fundalncnlal  undcrs[anding
of the role to bc played b! IIW lUh4s in (I]c
dc\clopnicnt  of future NASA minialurc  spacecraft
wi l l  bc prcscn(cd. ‘1’llc CO I lent s[atc  of lhc
supporting technologies \\’i I I bc asscssc(i. Mi)jor
Icchnology  cltallcngcs \\ill  Ix idc[llilicd  a n d
discussccl. A prcliminat-y SCI of clcsign
rcquircmcnts,  togc{hcr  \\i[h all e x a m p l e  clcsign
concept, ;\’ill  bc dcscribcd  al)d c.sami ncd.

lnt rwluclion

Future NASA space pro~!ams  \\ill  consist of
small spacecraft, To alip,ll \\ilh  IIlc iocrcasingly

Copyright@1995  by lhc llllc!l]a[ioll~ll  Asl]onau[ical
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more stringcnl
21s! century

space budget environment, these
miniature spacecraft must have

incrcascd  capabilities, higher launch rate, and
ordct. of-magtlitrrdc tcduction  of mission life-cycle
COSI. This cm only bc achieved by revolutionary
clian[’.cs to corfcrlt spacecraft architecture design
and ]Ilission  dcvclopmcnt  approach which, in turn,
arc cllablcd  by intensive infusion of breakthrough,
IIigh pay-off tcchnologics,

“1 hc process of identifying and assessing the
cnabllng lccilnologics  for future NASA missions
cn\’islons a versatile and cost-c~lcicnt
n]ic[t}spaccc]aft  of a modular architccturc,  i.e.,
coilsls[ing  of a nurnbcr of functional building
blocks. “1’hc functionality of a building block may bc
on-board compu[a(ion,  data handling and storage,
po\vc 1“ s\vitching and distribution, avionics,
(clcc(lrl~nlll[licalioll,  or any combination of these
functions. SUch a builcling  block can also bc an
antcllna,  solar irla~, or microinstrument.  Some of
ihc Iunclion:il  building, blocks may bc nlission-
spcciftc  and dcvc]opcd  to mcc( unique objectives,
bLIt others may alscl bc common 10 many missions
for Ilandlins similar spacecraft house-keeping
funclions.  l’hc rllulli-mission  building blocks can
bc dmigncd  and fabricated in quantity 10 achicvc
significant rcductio]ls in recurring costs for the
missions.  With wry fcw exceptions, such as the
antc]lna  rcfl:ctors,  propulsion tanks, and solar
arra!s, almost every functional building block is
basically a llardwal  c asscrnbly that comprises a
finiti number of mechanical, electrical, and
clcctlonic Conlponcnts. Typical mechanical
llard\\Jarc  includes support, containment, and
protcclioll  slructurws,  thcrrnal  control cornponcnts,



cables, harnesses, and connectors. The
clccwical/elect ronic componcn(s  to bc used in the
21s(-century microspacccraf(  and microins(rumcrr(s
will Inosl likely bc discrctc high-dcnsi~y  electronics.
These high-dcnsi(y  clcc[ronics  arc generally in the
forms of [\\’o-dill~cl~siol~al multichip modules
(MCMS) a n d  tllrcc-dir~]c[lsiol]al,  s(ackcd h4CM
packages (i.e., MCM stacks).

‘Ilcrc  arc significant parallels in the technology
dcvclopmcrrt  for future microspacccraft  and (ha( for
clccwmics  packaging and intcrconncc(ion,  bo[h are
striving to put more functionality into  smallct  and
Icss e;pensive modules. Designers, using MCMS

rnodulc,  called the lntcgratcd  Utility Module (IUM).
Utility is rccieflncd to inciudc slruchrrai  support

and containment. ioa(i car(ying capability, geometry
controi, thermal managcmcru, power distribution,
data and signai  transmission, radiation and
tnctcol oid pro[cc(ion,  and other cicctromcchanicai
functions that arc esscntiai  to lhc proper functioning
of any spacecraft subsys(cm.  An IUM may carry a
single functional MCM stack or several MCM
stacks  as ilius[latcd in Figure 1. T’hc development of
IUMS wiii  take fuii advantage of recent advances in
many (cchnoiogics,  inciuding  lightweight advanced
nla(cl iais,  multi-functional slrucmrcs.  autonomous
and  min ia tu re  thcl  lnai managcmen(, cablcicss

MULTI-CHIP MODULE (MCM)

STANDARDIZED
ELECTROMECHANICAL
INT EFIFACE

MCM STACK

NECT LAYER
EDDED  POWEFU
RIBUTION  AND

\

THEFIMAL  MANAGEMENT)

STRUC1  URAL LAYLR (WITH EMBEDDED
DAMPING, RADIATION/MICROMETEOROID/ESD
PROTECTION, etc.)

Figure 1. An Exampic  intcgra(cd  U[iiily  Moduie

and MCM stacks, can no\v silrink wiIoic cicctronics
b o a r d s  do\w 10 lhc si~.c of indi\ridual  parrs.  I’o
acilicvc  fuii adwm(agc 01 MCM-based cicc(ronics  in
mcc[ing  the goals of fumrc NASA missions,
mcchanica]  packaging of spacccraf( and inslrumcn(s
must  bc rcvolutioni~.cd.  7’hc clcc[rical/electronics
and mechanical systems, \vhich  arc traditionally
dcvciopcd scparalcly i]rior  to sys[cm-icvci
integration, must no\\’ bc designed, anaiyzcd,  and
dcvciopcd  in an cornpictciy  inlcgralcd  marmcr. This
need has Icd to (}IC vision [hat aii cicclromcchanicai
utiii(y  functions for (IIC MCM-based cicclronics  arc
packaged in a iight\\rcighl,  comi)act,  and cabicicss

intcrconnccls, Iligil-density muiti-cilip-rnodulc
ciec[ionics.  a]ld intc~[atcd  dcsip,n  anaiysis  a n d
simulation. 1[ is bciic\rcd  dla( [hc iUMs wiii  cnabic
inno\ati\~c spacecraft and instrument systems
arci]ilcc(urc  an(i iwip achicvc  order-of-magnitude
rcduc[ions  of spacccvafl  mass, size, workmanship
anomaiics,  and mission iifc-cycle cost  for future
NASA science missions. It is aiso bciicvcd that the
IIJM dcvcloprncnt  silouid  bc coup led  with t he
dcvclopmcnt  of a design cnvironrncnt,  in which the
(hrcc major (ools of computational iniciligcncc;
fuzzy iogic, [Icurai network, and genetic aigori[hm,
arc i[npicmcntcd.
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Onc of the major challenges in developing the
I U M  (CChIIOIO~,~ rclalcs  [0 [Ilc electrical
intcrconncc[ivi(y, I’here arc Iwo levels  of
interconnects for the lUM building blocks. The first
ICvcl concc[ns t h e in[crconncc[.s  f o r  po\vcr
dis[ribu[ion  and data Transmission bcl\\’ccn lhc
MCM stacks on the same IUM building block, as
well as bclwccn  [hc MCM slack and rncchanical
hardware. 7’hc s e c o n d  Icvcl is Ihc clcclrical
interconnect bctwccn different IIJM building blocks.
Today, wires, harnesses, and connectors provide the
intcrconncc[ivity  bct\vccn electronic parts, prin[cd
wiring  assemblies (PWAS),  and clcc[rical/clcc[  ronic
subsystems. This intcrconncc[ivi(y  is accomplished
through discrcc(  wires bundled [ogcthcr  to form
harnesses. “1’hcsc  harnesses arc slrc\vn (hroughoul
the spacecraft or ins[rumcnt and attached to the host

mounted on the top and somctifncs,  botlom  plane of
the PWA, Jn[crconncction  between the parts and
the PWA is generally accomplished lhrough solder
attachnicn[  of the electronic part’s peripheral leads
to the I’WA land pat[crns (solder pads). While this
fashion of interconnection is fairly robust and
reliable for past  and current mission applications,
i t s  ap[)lication  t o  f~rlurc  microspacccrafl  a n d
microinstruments  is not feasible due to: (1)
limitations on \virinf:  dcnsily;  (2) Iargc mass, power
and \wlume  rcquirenlcn[s,  (3) electromagnetic
intcrfcrcncc  (IiMl);  and (4) high touch labor
re.quircmcnts

I)a[a from pas{  NASA missions tras shown that
the cabling mass (i.e., the total mass of cables,
harnesses, and connectors) for a typical spacecraft

kJJKl s,.mwmof
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l;i~,urc 2 A Bcncf_rl Chart for Cablclcss  Microspacccraft

and server systcrns  via bulky NASA flight approved
conncclors,  T’hcsc connectors pro\’idc  Ilic intcrfacc
bclwccn  electrical/electronics subsystems and the
harnessing. Once inside (IIC subsyslcm,
intcrconncc[ion  is accompl  ishcd by several rncans,
including PWAS, solder joints, \virc bonding and
rnorc discrcc[ wiring. I’radilional  PWA technology
is alrnosl exclusively used. f)WAs  usc a rigid
dielectric with copper foil traces to provide tlIc
signal and po\vcr inlcrconncc(  to electronic parts

3

rcprcscnts  6- 10°/0 of Ihc total  spacecraft dry mass,
scc Fi[:urc  2. Of this mass, 300/0  is for interconnects
(e.g., solder joints and connectors). lt should bc
poinlcd out that lIIC clcclronics  and olhcr  systems
aboard a microspacccrafl  arc rcduccd in size, the
ratio of spacecraft mass lakcn  up by cabling of the
traditional designs \vould bc significantly higher.
I’his is clearly unacceptable. As to touch labor
rcquilcmcnts., althougl]  cxac[ data related to cabling
Fabrication and asscrnbly is not a\failablc;  it is
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known to bc a substantial porlion of the (ouch labor
required fo] spacecraft and itls(mnlci)l  ploduc(ioll
and assembly, fligli louct) laboI also ad\crsclj
impacts the dcvclopmcnl  schcdulc  and \\JIll  noI bc
acccp[ablc  (o future NASA missio]ls  (Iliit  dCIIIa IKl

rapicl build and ap,gt-cssivc Iaollcll rrc(lilcllc>’.
R e d u c i n g  loucli  labor lo\vcrs  llIc po(cllllai  101
workmanship anomalies and furlhcr  rcduccs (IIC
dcvclopn]cnt  cost  a n d  shorlcns  lhc dc\’clopn~cn[
schcdulc  by avoiding rework and repair.

“1’hc  electrical, as well as llIc n}ccllanical,
interfaces for the MCX4 stacks \vi Il bc standardized
such that a spacccmfl  func[iollal  lUhl bui lding
block can easily bc rcconfigorccl  ancl Ic\vol-kcd
wi(l]ou( incurI-ing significant Cosl and time.
}Iowcvcr,  to account for (IIC potcnlial  need of M(’M
slacks  that have unique structural. tllcrlnal.  ot
clcclrical rcquircmcnls, flexibility for rcacty
tailoring and modifications \\’ill  bc considered in
designing the s[andardizcd  MCM slack inlet-faces.
~’his consideration \\Fill  also bc c.s(cndcd (o the
design of lhc inter-lUM in[crraccs.

l;ulurc  microspaccclali  atld II IICIOIIISII-LII  IICI~LS
fcquiic cablclcss illlclcollllc~ls  Iwillloloy,)  (11:11 is
b o t h  innova(ivc  and cOsl-crfi~lcl\l 10 rcplacc lIIC
lraclilional  cablinp, dcsip,ll. \\/illlotlt lcal)-~Iop,
ad\~anccn~cnts  in [his  area. il \\ill  bc ilnpossib]c  [o
meet the mass, size, polvcr.  cosl.  aIId capability
rcquircmcnts  of Nc\v Millennium spaccclatl  and
fulurc microspacccrall and Illicloillstr{llllcllts.
lnlcgration  of clcctricnl  in(crconnccls  \villi [liclmal
management, inlo lhc supportiprolcclion  structures
is being addressed at (IIC MCM and the MCM slack
Icvc]s. Such an intc.gration  musl bc cxlcndcd  10 the
intcrraccs  bclwccn  the MCM s[acks  and Ihc IUM
building blocks, as \vcll as lhc inlcr-l  LJh4 building
block intcrraccs, 10 rcacll lhc Koai Or building
cablclcss  flight syslcms.

!3atc of ‘1’hc “1’CCIIIIOIOH

Mol[i-rooctional  (IntcyaIcd)  SIIUCIUICS

‘1’hc function of spacccI  afl slruclorcs  has
traditionally been to pro\’idc  soppot-( and protection
for olhcr components and sobs} slcn)s and to keep
lhc spncccrart  as a  COIICICHI. I_lillclion:ll  SJSICIII
undcl cx(croal  loacls aIKl pIcssuIc Sll”ucllll:ll Ill:lss
can bc Up to 25’70 Or thc dt-!’ HMSS 01:1 spatccmrt

dcpc[lding  upon it$ design and other faclors,
illcluditlg ho\\  (1IC ICI m “structures’> is dctlncd.  In
addi[ton (o Ilmking  Iigorous  cflorls to rcducc Ihc
ou)ss or s(ructutcs.  spacecraft dc\’elopers have also
been III(CI-CS(CCI  in usirlg  the structures to do more
tlI:It I onl> IIIC traditional runction. Spacecraf(
dCSIL;  IM LIM( usc the ou~cl  tnrs walls  as substralcsfor
solal arrays or as radiators for thermal
IImnagcmcn[, and Illat  usc propellant tanks as parl
of {Iw core siluchrrcs  (this can bc thought of using,
par[of[hc  corcs[l  llcl~lrcs tocolltail]  fucl)arcsomc
csan~plcs  Or t}ic primi(ivc “nlulti-func[iona]”
s[l-uclurcs.

As [lie al)plicatiol]  ofgraphitc/epoxy composite
10 slxtcccrafi  s[ruc[orcs  h a s  rcachcd  its rna[uri(y,
lnorc sophisticated and inno\~ativc  design concepts
or llllllti-fullctiol]al  s t ructures have starlcd  to
cnlcrl:c. Many forms of smart (or adaptive)
slr”oclurcs,  irl which sensors and actuators arc
crnbcddcd in [IIC graphi(c/epoxy composite layers
forcllhanccd  rcqxmscs to external loads, havcbccn
dc\clopcd  and their cffcctivcncss  proven. Rcccntly,
si~),nil-lcallt  dcvclop!llc[lt cfforls have also been
IIli[l:licd {o intc~latcd  e l e c t r o n i c s  i n  Iaycrcd
SII”UCILIICS

l.ip,l!i\\cigli\  Ad\)anccd  Mat:rjals

I)UC 10 launcl I r]lass Iimi[alions,  the search for
ligl~(cr and bcl[cr  space struc[ura]  materials has
bccilaconlinrial  cffor-t ofthcacr-ospacc  community.

Cu:rclltl!’.  sc\cral  structural materials with ultra
Ioiv clcosi[y and cilhanccd  electrical and thermal
prop.> r-tics  arc bcingdcvclopcd  andcvaluatcd. Silica
act-o~’,cl  composites. silicon carbide, and thin film
ma[crials  for balloml and intlatablc  struchrrcs  arc
SOIN[ Or (I)C CXZIIIVICS.

Silicon carbide tcclinology has bccn dcvclopcd
to lIIC s(ap,c [hat actual applications in spacecraft
and ins[rumcnt  arc feasible. Spccilically,  hol-press
silicon  carbidc\\as sclcctcd forthcl>luto  lntcgratcd
L’alll,’ra Spccl]omclcr  (1’ICS) oplical clcmcnts a n d
s[ru(tum]  conqJoncnIs bccausc  of its good thcrrnal
con(iucti\’ily, lli~ll spcciiic modules and
din]~nsional s[abili[y.  A materials characterization
cfto]l  aimccl  al establishing mechanical property
d:luib:lscs  rOr silicon carbide
jo]nlsatld  aItachIncI  Its used in
Il:\s rccc[llly  lrccn conlplctcd

-1

a n d  (hc slroctural
silicon carbide parts
Processing rncthods



arc also being dcvclopcd to make Iaycrcd silicon
caNridc structures.

Silica acrogcl/epoxy composi(c  is another
cxciiing  lightw’ci~h(  advancccl structural mrr(crial
worthy of furlhcr investigation. “I”his  ma(crial  has
rcccntly  found its application fc)r the Warm
Electronics Box (WEB) for Mars Row. Silica
acrogcl/epoxy has cxtrcmcly low clcnsi(y and low
thermal conductivity allo\ving  Mars Rover 10
achicvc its thcmlal,  s(ruc[urc  and mass objcclivcs

A_utoIIomoLrs  ‘1’llcrml Managcn]cnt  iIIId !linialurc
~’hcrl!]al ~on(rol

“1’o r e d u c e  fligh[  opcralioas  COSI,  tlighly
autonomous, or “thinking”. spacecraft arc bci ng
planned for future NASA spacecraft. An in~portanl
clcmcn(  of spacecraft aulonomy  is autonomous
thermal rnanagcmcnt  (A-l’~), which enables thermal
COntI-Ol  dcviccs  10 react, real-time and wilhoul bci]lg
ordered by up-link commands, to (I)c actual  flight
cnvit-onmcnts  10 maintain optimum Icrnpcl-alurc
levels for various opc]ational  modes. “Ihc main
bcnctit  of ATC is to minimize the power required
f o r  thcrnml  con(rol, Jvllich i s  Iraclilionally  tlIc
big~csl  po\vcr u s e r s  among  a l l  spacccrali
Sut)systcms. (’ur[cn[ly.  spacecraft  [Ilcrlnal
management is SCI on tlIc ground by dcsi~n and tcs(.
I’here is very lit(lc  existing capability 10 make in-

olbit rrdjustn]cnls  to lc[npcraturc  ]c\’cls.  healer duty
Cycle, C(c.

T’hc miniaturization of Ihcrmal con[rol  clc\’ices
and components is csscnlial  for microspaccc[aft  and
Il]icroillstl-l]ll]cllts,  Ivhicll allolv  for much smaller
mass and space for all subsys[cms.  iacluding,
(Ilcrlnal  control, Additionally. nliniatulc  tlIcIrnal
control dcviccs,  suclI as lninialu]c  IIca[ pipes :Ind
Ihcrnlal  swilctlcs,  alc [Iccdcd  10 cfl-lcicn(ly  remove
heat gcncratcd  by densely packccl chips from h4C’Ms
and MCM slacks. Duc 10 Ihc s(rong dcmnd  for
consumer clcc(ronic  pl-oducts such as note-book
compulcrs, significant lcscarch allcl dcvclopmcnt
efforts continuously being undctlakcn by the
universities and indusl]-y  companies in \wrious
thcrlnal conlrol Icchlwlogy a[cas. illcllidil)g
advanced thermal management rcscarcli  f o r
commercial high-density clcc(ronics;  smarl tllcrmal
coatincs;  micro phase chanf,c Inatciialsi  nlinia~(ll-c
heat pipes; and ul[ra lligl~ thcrnial  conductivity

subs[]aics. “1’IIc  p~oposcd IUM cf~ort will take full
adva II Iay,c of (IICSC  aIId other on-going research
\vork. bul will  focus more on the hardware and
software dcvclopmcllt  of compact, cfllcient
autonomous thermal management that employs
lhcrmal  control dcviccs  and components embedded
inthc [lllllti-f~]llc(iorl:il  swucwcs.

~Jigl}-Dcgsi~_ J :lcctronic5_____PjckagiJlg_a.n~
~n!c[conncction

1[-acli[ional  space clcc(ronics  usc nonstandard
l_OI-In  factors  dcsi~llcd 10 mccl t h e  u n i q u e
]-cquitcmcnts  of individual spacecraft. Si7.c and
\\cigllt  rcquirclncnt.s for the Nc\v Millennium
electronics \\ill  fur(llcr rcs(ric( usc of current
smndard  fornl faclors  for electronic packaging and
intcrconncc(ion  (c. g,, surface-mounted parls  on a
prin(cd ~~iring board ~vitl~ traditional back plane).
I{olvcvcr.  Ihc aggtcssivc  schcdulc  and cost profile
fol- (tic Nc\v Millcnrlium  Pr-ojcc(  support the usc of
stand:  irdiz.cd form f:ictots  and interfaces for the
clcci]onic packagil)g  a n d  intcrconncclion. This
dichotomy bc(wccn IIIC usc of nonstandard
clcc(ronics  arid smIl(iardi~.cd  electronic packaging
and ifitcr-conIiccl  irrn will bc addressed by Ihc IUM
dc\clopn~cnt  lcanl. industrially dcvclopcd  high-
dcnsi~y  in(crconncc[s  slid packaging techniques
rnus( bc. lcvciag,cd to (IIC fullcsl extent possible.
Tcchllologics  such as the chip’s first approach,
fusible substrates, Iow-[ctnpcra(u  rccotircd ceramic,
chcn~lcal-vapor-dcposi[cd  diamond films,  flexible
in(crconncck.,  and photollics  should bc assessed for
incolporalion into standard architecture for
clcctt onics. Fu[lhcllnorc, t h e  high-volurm
applirti(ions  and c~is[ing  infrastruchrre  o f  these
tcchIlologics will help narrow the dichotomy
bctiwci~ cus(oll~i~cd  electronics anti [hc indus[ry  -
cs[:l[llisllcd  s[arldatds

h4ict-o-irl(clco[  ~t~ccliol]  technologies \vill  bc the
prinl:lty thrus[ of this dcvclopmcnt  activity. With
the l~igh-pctrot-mancc MCMS on board NASA
ll~iclos~>acccr:]f(,  propagation delays due to large
gcoIIIctry interconnects \vill provide a performance
barrirr.  III additiorl. techniques must be dcvclopcd
\\liic’1] \\ill  :I11OIY aII aIIay Of interconnect.s 10 bc
used on a single substt-atc.  Material properties and
manufacturing proccsscs  will need to support solder
attach. adhcsi\’c  atkrcllmcnt  (including elastomeric),
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tape au(omatcd  bonding , “zero” inscrlion  force type
connections ancl f]nc-pilch  Jvirc bondin~.

Flcxibilily of the inlcrconncclion  selection will
bc a kcy fac(or in crca[ing a standardized clcc[ronic
packaging and intc[conncc[ion arclli[ccturc for [he
lUM building blocks. The basic (cchno]ogy for
high dcnsi!y packaging based upon (1]c MCMS is
sufficiently mature and i[ is (I]c right (imc to start
considering standardization of po\\rcr and data
intcrconnccls  f o r  fu(u]-c microspacccraft and
]I]ic]oil]s(rlll]]cl]{s.  7’lic  g,cllcral  app]oac]l  woulcl bc
to uti]im alurninulll  or copper nlclalli/.:][ioll  for
power dist]  ibution ancl polymer diclcclric  for data
Winsmission, ‘1’llc polymer \vould bc sclcc(cd  to
op(imi~.c  opcraling speed. S[ackcd MCM modules
would employ silicon as (1)c subslratc  material and
direct dic a((ach mc(hods  bc used - such as bumping
directly on [hc bonding pads.  in addi(ion,  n]icro-
machining lcchniqucs would bc applied 1 0

incorporate optical \vavcguidcs  for oplo-coupling  (o
cnhancc speed and lessen susccp(ibili(y  to I: MI,
1 lo\vc\’cl”. sta[c  of the at-[ for IJOIVCI-  and data
interconnects \\ill  bc used [o i(s li[lli[s  and [Iwsc
Iimi[s  \\’ill  need to bc acl\wnccd. I:or csamplc,
copper n]c(alli~.ation  has been used in some MCMS
fo[ its highcl curmcnt cart~ing capaci(y bu( higher
yield and more reliable pI-OCCSSCS \vill  bc nccdcd.
1’lIc advanta~cs  of thin diamond film \~ill bc fultl]cl-
dcvclopcd  and its [hcrn]a]  proper-(ic,s more
accurately Cllal-actcriz.cd,  I>csigns incol-porating
direct ac[ivc cooling of chips cithcl  through [heir
imn]crsion  in a heat [ransrcr  fluid or the flo\\’  of
such a fluid through passages in the supporting
subsl]-a(c  \vill bc considclcd  i n  c a s e s  in\ol\i[lg
relatively high po\\’cr dissipo[ion. f:usib]c  subwa(cs
afl-ord cxtcnsi\c flcxibilil}’  in (IIC subslralc  design.
bu( (Iicir  cffcc(s on nmn!r issues, includin~  failure
modes, Upsc[s and l]]:ll](ifi]c(~[r:)bility require
asscssmcn(,  in adrti[ion. IIIC frnc-line, thin-film
lamina[c,  and tl]il]-filll]-dc}~osi(c(l  subs[r’a(cs  need to
bc s(udicd  in achic\ing [hc in{crco]incc(ion  density
rcquir-cd  for (hc in(crcollncc(iol)  layers of the [(JM
building blocks,

lnlcglra(cd  I~csign I:nvironmcnl

“1’hc slalc of dcsi~[!  tccl]nology  ~oday i s  an
ag,grcgatc  of design tools  tlui( g,c[]cra(c a \\Jcaltli of
dispara(c  dala scls  11]:11 do not fil \\cll  into
consistent in[cgralcd  anal!’sis  s[mciurcs. Currelll

lcchrmlogy  dots not address the complex questions
of cal)turing  dcsip,n  intent and the decisions that
Icacl  to a dcsigll. ArI irl(cnsivc  effort is nccdcd to
dc\clop  the technologies (hat allow us to cap(ure
dcsig,ll in(cn(.  pro~ridc fol easy generation of design
altcrllalivcs,  facililalc systematic search of the
dcsig]l  space and viIlual  design environment tools
for lUM building blocks.

Over the pas[ I\vo dccadcs,  computer Aided
Dcsip,n  (CAD) has nlatorcd  as a major force in the
dcsig,ll o f  hzild\\arc  al]d sof(\varc.  }Iowcvcr,  much
of [l\c cos[ of (lIc dcslg]I cfforl for a large DOD or
acroslmcc  projccl  is involved ~vi[ll rcquircmcnts
gcncr:ltion  and analysis of design allerna(ivcs,
ll~:lll~llac(llrabili[y.  docunlcnta(ion  ctc, Little has
been done to rnakc these o[hcr tasks lCSS cxpcnsivc
throu[;h the usc of Inodcrn cornputcrs.

A single database can bc control]cd  and
rcn~o\  cs the ambiguity of rnultiplc  designs going on
al oiIcc. I’hc cha]lc]lgc is to maintain and
nl:lni[)ulalc Lllis  Clai:ibasc  a s  it cvolvcs  o v e r  time

fI-OIIl  I)rojcc(  s[aI t 10 l)t ojccl end. Marly commercial
tools  arc a\wilablc  10 ]Ila]]agc  specific program
datatxlsc parts, but (here is no available systcm
\vhicll intcgra(cs  Il}cm in[o a scarnlcss  environment,
ancl f:tcili[atcs  the alla]ysis  within this integrated
environment, At the Jcl propulsion Laboratory
(JPI,), the users of the Pr’ojcct  Design Center (PDC)
and tllc Multidis:iplirlary  In(cgratcd  D e s i g n
Assis[ant  for Spacccraf(  (MIDAS) arc proposing a
collat~orativc  cffor(  tha[ addresses these needs for
the lLIM designers

‘1’IIc ]najor  fca(urc of the PDC at JPL is (hc
inforltla[ion  systcm  col]ccpt.  The systcm (hardware,
so f[\\ilrc. nc[\\ork.  CIC. ) is used to manage (1IC
procc>scs  and ciata  i]lvolvcd  in the overall project
dcvcl[lp]ncn(  and industrial manufacturing process.
Intcp,  [alien  of  p]ovcn off-( hc-sllcif commercial
sof[\\ilrc  (OOIS and rnodcrn  \vorks(a(ior)s  enables
slwr-illg of projcc[  data and cnl Ianccs concurrcn(
cngillccring  capabilities during all phases of a
projcc[’s  dc\~clopntcn(  ancl opcra(ion,  MIDAS tool
\vas onc of tllc fr~s(  allcmpts  at JP1, to create an
intcgra(cd  design cn\’ironn~cnt,  h41DAS allows the
construction of a relational database of
spcciflca(iom. pm,ious designs, purchased
I]ardif arc, ancl analysis tools to enable dcvclopmcnt
of a IIC\Y projcc(  design based on a SC( of input
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rcqui]-cmcn(s.  ‘1’hc pmposccl  P1lC/MIDAS cfforl
would rcsull in an inlcgratcct  clcsign  facility  Ivhich
would automate n]al~y dcsi~ns  al]d p]odacc  a set of
cnginccring  ctra\vings  of componcn(s  which \\’ould
trc highly ll]a]ll]facl~]l-alJlc. IcsIablc  a n d  COSI
effect i\~c. 1[ \voulcl  dcli\cr  ICS[ plans, purchasing
orders, opcra(ional m a n u a l s , spccifica(ion
ctocumcn(s  and the \vholc  g,amuI o f  d e s i g n
dclivc]-ablcs.  Successful dc\Iclop]ncnI  of SUCI1 an
intcg~-atcd  d e s i g n  cnvironmcn( \vill  rcducc the
current lifccyclc  dc\~clol>lI]cr~t  ofspacccrafi  from six
years to six months  and al the same time in~pro\’c
the quality of designs.

More rcccntly,  NASA is planning (o bring
computational inlclligcncc  into its design and
dcvclopmcnt  proccsscs  for spacecraft and fligh(
inslrumcnts,  as well as for acl-onaulics  and higll-
spccd space Iransporls. II is cxpcc(cd (hat a n
intcgmtcd  d e s i g n  cnvironmcn(  argumcntcd  by
compula(ional  in(clligcncc  tools such as fuz.zy logic,
artificial neural nct\vorks, gcnclic  algorithms, and
hybrids  tools (e.g., ncuro-fuzzy  lnodcling  ), will
have cnhanccd capabili{ics  Iclatcd [o unccrlain(ics,
nonlincari~y, and op[imiz.ation,

D(’\’L’h)pmclli  Roadnl;lp

I’l]c dc~’c]opmcl][  of IIlc p r o p o s e d IUM
technology should lEi\c dilcct  rclc\wncy (o IIIC Nciv
Millcnniunl  lnissio]}s. I’llis  can bc achic\cd  b~
i n f u s i n g  t h e  IUM tcclinology imo (hc fli~ht
l~ard\\’al-c  dc\’clo])]l~cl][ ofsclcclcd Nc\v Millennium
clcctromcchanical  ins[rumcn[s  and subsystems Ihat
arcMCM-based, An cx:]r~ll~lccai]didatc  subsystems
is lhc l’l]rcc-Di]l]cI~siolial  Micro A\~ionics  Sys(cm
currently being dcvclopcd  by the Microclcctronics
$5[C111S  If’Dl’ f o r  IIIC firs[ Nc\v Millcllnium
mission. An impor(a[]t  cot~sidcration  for (I)c final
sclcclion  of targc[ IUM Icchnology applications is
[Iic dcvclopmcnt  schcdulc  of tl]c Nc\Y Millcnllium
missions and associa[cd  subs~’stems, ~’hc timing
consideration haslcd tothccii\Jision  ofthcproposcd
lUM technology dcvclopmcn~  into three phases,
each focused on dcli\cI-}r of flight hard\varc  10 a
s])ccific  Nc\v Millcl]l~i~l]ll  Iuissioll:

● ‘I’hc  Phase 1 flighl ll:lrcl\\:ircd  cli\c~. in[cndcd
foI-tl)c  firs(Nc\\h  lillc[]tli(l[l~  l]]issiol)of;  i 1998
launch, will bc a sin{),lc  IUM building block
carrying onc or lnorc fullcliol]al  h4CM-based

lllicro-il]s(r(][llcllts,  micro-sensors, and/or other
nlicro-clcclronic  subsystems. Development of
this IUM building block will bc based on a
[Ilul(i-func(iona]  s[ructurcs  design concept that
is simila]  [o IIIC onc currently being developed
tlv Iockhcccl  Marti[l  under the sponsorship of
tlIc Air Force Phillips Laboratory. Depending
on the stiff[vws  rcquircmcnts,  the base structure
of lhc IUM buildin~,  block may not bc of a
s:lnd\vich  consll-uclion a s  i n  t h e  c u r r e n t

Iockhccd Marti[ldcsign.  lfa layered structure
i~ sclcc[cd  for tllc lUM building block, the
I]mtcrial  will nlos( likely to bc a graphite-epoxy
composite. In addition to the multi-functional
struc[urcs  (cchnology, three importan[  l U M
technologies \vill  also bc incorporated into this
l)hasc 1 building block: (1) cablclcss
ill[crconnccts  for power distribution and data
I fansmission bct\\,ccn (1IC MCM-based
s[ibsystcnis  a~ld (hc multi-functional s(ruc(ure
of the building block; (2) miniature thermal
control C o m p o n e n t s and devices (e.g. ,
Illiniatul”c heat pipes, diamond s[ripcs, and
l}llasccl~all~:ctl]cl!llal  s[omgc) cmbcddedinthc
llilll[i-fullctio[~al  s[ruc(urc;  and (3) s(andardizcd
Slr-uctuml llwr!llal,  and electrical interfaces
[):[\\’CCll  ltIc M[’M-based COIIIPOIICI)(S and the
il[~ll(i-fllr]c[ioll:il S(lll C(UrC.

* ‘I ItCI~Ii;ISC ? fli):ll[ lmrd\\al-c  deli\’cry. targc[cd
t~) SUppOIi  IIIC SCCOIKI  Ncw Millennium mission
10 bc Iaullchcd around 1999, \vill consist of two
o r  m o r e  func[ional]y  intcrconncctcd IUM
building blocks. I’hc IUM technologies to bc
i]lfus.cd  in~o tllcsc  spacecraft and/or ins(rurncnt
building blocks \\’ill  include: (1) multiple
f~lnclional structures constructed with
l]p,lI[\\ci211[  ad\wllccd materials such as silicon
c,itbidc composi[c;  (2) inter-block structural
:ind the] mal intcrconncc(s;  ( 3 )  in(cr-block
pcr\vcr  distribution and data transmission
ili[crconncc[s  that  arc compact and Iightwcight}
al~d need a minimum amount of touch labor;
(l) a u t o n o m o u s  lllcrmal managcrncnt; (5)
iloprovcd thcrlnat control components and
d;iices: and (6) pl-ogrammablc  chips that serve
as patch panels for power distribution, data
transmission, and thermal management.
‘1 Cchnology infusion of (IIC  last itcm will
sl{:nificall[ly  Icducc the number of power and
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data wires and (hcrmal control dcviccs  required
for the building blocks.

● Phase  3, aimed al lhc 3[d Nc\v millctlniun~
flighl  would cn(ail incorporating all aspccls  of
IUM inlo the spacecraft: ( 1 ) ful]y inlcgra[cd
swuc[urc and electronics; (2) ad\anccd
materials; (3) IUM block to block  intcrconncc[;
(4) standardized inter-n]octrrlc connections with
programmable chips; and (5) autonomous
thermal management

Similar dcvclopmcnt  approach will bc used in
each phase to accomplish the technology and flight
hardwalc dct’clopmcnl  goals. I;ach phased
dc\clopnlcnl  cfforl \\Jill  dcfrnc tl)c sys lcm- leve l
functional and dcsi.gn  rcquircmcnls for [hc lUM
building block or blocks bi]d UpOII  LIIC

rcquilcmcn[s  o f  t h e  indi\’i(iual  missiom.  T h e
rcquircmcnts  fol po\~cr clislribu[ion  ancl data
[transmission arc subsyslcn]-  or i]~s[l-llt]]cl]l-sl)ccific
a n d  \vill  dlivc t h e  \\ririnK cicsi{w  \villiin  an
indi\’idual lUM build ill~, block slid lhc design of
intcl-connects bctw’ccn  functionall~’  related lUM
building blocks. in pallicular,  (I1c cla{a lransn~ission
rcqui~cmcnls  \\!ill  grcall!’  in fluc]~cc  IIlc clc\IclopIncll[
of clcc(l-ical intcrconncc(s  (cchnology. Additional
rcquircn]cn[s may also include modularity in clcsign
a n d  !-cwork,  slandarcliy.cd inlclfaccs  \vitli  MCMS
and MCM slacks, s[andatciizcd  ICS( interfaces. and,
most  important, \vcll-dcfillcd  mass and siz.c goals to
bc used to guide the selection of malcrials  and
design configurations of {I)c IUM building blocks,

Once the design rcquircmcnls for the Ncw
Millennium IUM building blocks arc defined, the
technology nccdcd to meet (hcsc rcquircmcn[s  \vill
bc identified. l’his \\’ill  bc follo\\rcd  by an in-depth
asscsslncn(  of  the a\railabili[!  and ]-cad  incss  o f
suppor(il]g  tcchnolor,ics il] IIIC [cqoircd a r e a s .
“1’ccliIIology  dcvclopl])cllt  cflbt[s  foc(lscd  on filling
[hc gaps bclwccn  WIM[ is a\ailablc  and  liha[ is
nccdcci  in each area  \\’ill  bc pclformcct. 11 is
an[icipatcd  [hc largcsl  (ccl] nology  p,aps may bc
I-clalcci 1 0  t h e  folloltinp,: (!) sclcclio]]  a n d
cllarac(crization  of advanced light\wight  materials
(hat can satisfy mulliplc  ancl often conflicting
rcquircmcn[s related 10 slrcngth,  stiffness, [hcrmal
and electrical conducli\’ily  and isolation, meteoroid
and radiation prolcclions,  IIurss,  size, COS[, and
]~~:~l~llf:lc[llrabilit  y; ( 2 )  aulolnaliol~  o f  II]cl-inal

mana[’,cmcn[ and miniature lhcrrnal  control dcviccs
[li:]t~lr]bccrl]t]cddeci  in thin-wallcds  lruclurcs;and
(3) ca(,lclcsspowcr  allcl  dam interconnects that arc
comp:lc[  and rcliatrlc  and can bc fabricated and
asscrnblcd with a mi[limurn amount  of touch labor,
and (4)}> roSral[]~~~ablc  cl\i]>s foratltor]oll~o~ls  co]~trol
of po\\cr, dakr, and tlcat flows. I’hc technology
dc\’clopnmnt  cf(olls  \vill  conlinoc  throughout the
cn[irc pcrforma]~cc  pcr iod of this proposed cfforl.

Simultaneous 10 the initiation of focused
Icchnology Cicvclopmcnt, illtcnsivc  cfforls will bc
sta]lcd  (o develop tuirdw’arc  design concepts for the
Nc\+ Millennium 11-IM building blocks, Trade
s[udic. and optimization c) fdcsign  concepts will bc
Suppol-[c(i  by tile in[cgratcd  design environment,
While ti~c foln] of tllc flnnl  conligura[ion  of the
lUM lwiidingbiock is to bcwrorked  out, it is clear
(hat an urgent need cxisls  for a multi-disciplinary
1001 suitable for analyi.ing  such an integrated
sysIcIII. F o r t u n a t e l y ,  suclla nccdcan bcsa[isficdby
cnimllcing  an cxisli]lg. well-cs[ablishcd comprrtcr
Ccldc. h411)AS. \Yilh additional soft wa rc
cic\clopIncnI  \\ork, it is possibic  to usc Mii>AS to
slrinp a Scqllcncc o f slroctural. [ilcrmai,
i]llcrc~J[][]ccti\i[!, n]ic[o]llc[coroid protcc{ion,  a n d
radiation pr-o(cc~ion  analyses Iogcthcr  for syslcn]-
icl’cl lradc sludics and intc] --discipiinary
ol)tinliz.i]tior~c)f;]r} integrated producisuch  asa lUM
buiiding  biock. Incorporation of computational
in[clligcncc  irl sclcc[cci i~ortions  of MIDAS will  aiso
bc a major- i)ari of tl~is sof[warc dcvclopmcnt,
Addilionaliy,  in paraiici  10 the dc\’clopn~cnt  of
in[c~, raicd  design cn\’ironn]cnt.  a labora(or-y  test
proglam \vili  bc carricci out to define modeling
paralllctcrs,.  verify modeling assumptions, and
validate prcdictcd  behavior of the IUM building
blocks. In addition to the [CSW devised to
accolllplish lI)C systcm-lcvci analysis/[cst
cor-rclatioo,  Iitisi)lof,]anl  will also inclotic matcriais
cil:+r<l~>lcriza[i~~lls. mcasurcmcnts of
irl[cr~orl tlcc[i\Jity.  dc[crn~inatioll  of con(ac[  forces,
ali(i  cl[i]cr ICSIS  tli:it  arc dccmcd  rcquir-cd  for the
fic\fclopn~cn[  of a \clsatilc  and accur-atc inlcgratcd
anai~sis  1001. O[)cc tic\’eloped and \’alidatcd,  this
intcgra[cd  analysis Iooi can bc used nol only to
guide Iilc design arid design op[imiz.alien efforts,
brrl also 10 accomplish rapid-prototyi)ing  of the IUM
truiidlng  blocks
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After all proposed design conccpls  arc analyzed
and optimiy.cd  to the maximum extend possible, it
will bc relatively straight fonvard 10 cto\vn SCICC(  the
best conccphral  design for furlhcr dc\’clopn~crrt.  At
this point, a preliminary design rcvic\v will bc held
and followed by’ detailed dcsig[ls  atld almlyscs  al the
parts lCVC1. fhginccring  clla\vings  tllal  atc suitable
for fabrication and assembly will bc gcncratcd.
During the detailed design phase, infusion of
emerging Icchnologics  dcvclopcd  by this and other
technology dcvcloprncnt  cfforls’  \vill  cent inuously
influcncc the designs and bring about  design
rcfincmcnls. ‘1’oward  Ihc end of lhc detailed design
phase, breadboard lUM building blocks will bc built
for control]cd  charactcri~.ation  and performance
assessment. Ql]alificaliol~  -lc\’cl cn\iron]ncn~al  tcsIs
will be performed on Ihc brcadbofird  unils 10 qualif’”
mcchanica] and Clccllol)lc designs. The
dcvclopmcnt  of a breadboard I)(I  i Idi n.g blocks \\’ill
a l so  se rve  10 tly out lll:lll~tf:lclllrillg,  malcrial
processing, quality con[ml,  assembly, and tcsl
procedures. The irregularities ancl anomalies in
these procedures will bc idcnlifrccl  ancl cor[cc[cd
prior to the dcvclopmcnl  of ll~c flig!hl  IUM building
blocks.

The fabrication and assembly of the flighl IIJM
building block or blocks \vill  start after a successful

critical design review. “1’l~c  i]sscl])blcd  IUM
building blocks will bc subjcclcd  10 functional tests
and flight  acceptance environment tcsls  at the
individual block level prior 10 lhcir delivery to the
Ncw Millennium Program for inlc~ralion  onto the
spacecraft or instrument. Technical support to
spacecraft sys(cnl-lc\Jcl inlcgt-alien and test
activities will be provided awl a final  rctwt \\’ill  be
prepared 10 summarixc the lccllnica]  dam, results,
findings, Icssons learned aIKl olhcr dc\’clopmcnt
details of the proposed cffoII

[Conclusion

Microspacccraft carr>inp po!lcl”flll mlniaturcd
inslrurncnts  will enable fu[ulc NASA scicncc
missions thal  mwstbc l]torcti~or[l:t[)lc:)tlrl  Iaunchcd
at a high rate and ha\)c sip,nifrcan{i!  Ilighcr  scicncc
data rclum. in order to mcc( [hc slril)gcn[  mass.
si7.e, and  I i f c -cyc le  COS1 objcclivcs.  m a n y
revolutionary !cchnologics  }!’ill bc infused inlo lhc
design a n d  dcvclopmcnt  poccsscs o f  t h e s e

microspacccraft, “1’hc  IUM [ccl] nology is  onc of

such enabling technologies. ‘1’his paper has
clcscrii)cd the lUM concept, its applications to future
space  fligh[ sys[cms, and  a  roadmap for its
dcvclclpmcru  and space validation.
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